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ABSTRACT 
The Opportunistic Large Array (001) system is a novel 
method used to perform cooperative transmission in large 
sensor networks. Cooperation is obtained by a simple trails- 
mission straregj based on the integrate-and-$re model in bi- 
ological swarms. The method utilizes the accuniularion of 
signals from siniultaneously transniitting nodes, therefore, it 
is energy efficient compared to conventional point-to-point 
networks due to the power accuniularion effect. In this pa- 
per; we study the gain in energy-savings that we can obtain 
by using OLA. We analyx particular network topologies to 
obtain the asyniptotic behavior of the minimum energy solu- 
tion and verifi our analysis through numerical sinidations 
O w  discussions show that with cooperative transmission, 
networkflooding can be reliably obtained with low average 
power per node compared to standard multi-hop networks. 
1. INTRODUCTION 
In conventional wireless ad hoc networks, nodes communi- 
cate through point-to-point multi-hop links where all trans- 
missions share one common wireless medium. In a sensor 
network scenario, a sensor node often has the ability to pro- 
cess information within itself and to share information with 
other'nodes. Due to the battery-limited energy-supplies at 
each node, energy-efficiency plays a central role in the sys- 
tem design of ad-hoc sensor networks. In [ 11, we proposed a 
system called the Opportunistic Large Array (OLA) where 
each receiver node utilizes the accumulation of signal en- 
ergy from simultaneously transmitting nodes. The transmis- 
sion of the source node triggers an avalanche of signals by 
the other relay nodes that forms an unstructured m a y  signa- 
ture. This signature progressively floods the network with 
information and allows at the same time to use the aggre- 
gate power to reach further destinations. This is in contrast 
to what occurs in point-to-point networks where the relays 
would contend for the medium. 
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By allowing to share the transmit energy among nodes, 
this strategy produces significant energy savings in wireless 
ad hoc networking [2]. The goal of this paper is quantify- 
ing the amount of energy saved by using the OLA system. 
There is an optimum set of powers and transmission times 
for the nodes signals that provides the minimum energy so- 
lution for the broadcast problem. In this paper we study the 
asymptotic gain that can be obtained using the minimum 
energy solution at each node. Even though we uniformly 
observe power advantages over point-to-point transmission, 
we also observe that different assumptions on the transmis- 
sion times lead to small but not negligible differences in the 
power consumption, which stimulates the quest for the op- 
timum transmission time scheduling. 
In this paper, we introduce the power control problem 
in the framework of linear programming (Section 3). The 
asymptotic minimum energy is found in closed form for a 
network of nodes uniformly placed over a straight line. Nu- 
merical results and discussion are also shown for a rectangu- 
lar grid network. By considering different scheduling poli- 
cies, we show that the minimum energy solution depends 
on the exact trasnmission time of the pulses at each receiver 
and, hence, a global minimum can be found if and only if 
the scheduling of the transmission is determined as well. 
Unfortunately, in [2] we have shown that the computational 
complexity of obtaining the minimum energy solution for 
OLA is intractable. 
2. SYSTEM MODEL 
Let there be N nodes randomly placed in a specified re- 
gion with a uniform distribution. Each node is part of a 
multiple stage relay of a single source broadcasting infor- 
mation to a subset of other nodes in the network. Let the 
source transmit a symbol pulse p(")(t) out of an A l a r y  set 
of waveforms and that the pulses have an average energy of 
1. Assume that, on a symbol-by-symbol basis,all the other 
nodes receive, correctly detect' and rebroadcast the same 
'For an analysis of error propaxation. see I I] 
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symbol pulse. The resulting signal at the i-th node is 
r ; ( t )  = s p ( t ) + n i ( t ) ,  (1) 
where 
N 
sj '" ' ( t)  = Ai,n&p(m)(t - T~,,,), ( 2 )  
is the network generated signature corresponding to the mth 
symbol, where m = 0, .  . . , A i  - 1, and n;(t) is the ith 
receiver AWGN. In (2). T , , ~  is the arrival time of the pulse 
from node n, E, is the energy tiansmitted by node n, and 
Ai+ is the channel gain between nodes i and n. The channel 
gain is determined by the path loss model l / d Q  where d is 
the distance between the transmitting and receiving nodes, 
and (Y is the path loss exponent ranging from 2 - 4. 
The combination of the received pulses form a network 
signature waveform, sj"'(t), that embeds the broadcasted 
information. Assuming that the network is approximately 
static, then the signature will have modest variations that 
the receiver can track adaptively with standard signal es- 
timation methods [I]. The energy received at node i is 
thus the integral over the square of the signature waveform, 
i.e. Is!'n)(t)12dt, and therefore, we can define the energy 
phase d , ( ~ : p ( ' " ) ,  t  as the accumulated signal energy re- 
ceived at node i at time t ,  i.e. 
d i ( E : d m ) , t )  P CCA~,~A:~&ZR~T)(C,~ - ~ i , k ; t )  
where E [ E ] ,  . . . , E A T ]  is the vector of energies transmit- 
ted at each node and R~:)(T,,I - ~ ~ , k ; f . )  = Sip('")(a - 
~i.~)(p('")(u. - .r,,l))*du. The energy embedded in the sig- 
nal received in the receive phase must be sufficient for the 
receiver to detect the symbol reliably. We define the con- 
nectivity of a node as follows: 
Definition 1 (Integrate-and-Fire ModeVConnectivity) : 
The i-th node is connected arid is allowed fo rebroadcast if 
*=I,"#; 
N N  
I;-1 I=1 
3tfi < T, szrch thnt 
where t,, is the firing instant of node i. 
During every symbol period, a receiver node accumu- 
lates the energy that it receives until its corresponding en- 
ergy.phase reaches the S N R  threshold. The node then de- 
tects and retransmits immediately the symbol pulse. After 
thefiring instunt, the energy phase is reset to zero and the 
receiver is shut down to avoid cycles of signals within the 
network. The rest phase is similar to the refractory period 
in the integrate-and-fire model of neurons. 
3. FORMULATION IN LINEAR PROGRAMMING 
To simplify our notation, we assume that each node trans- 
mits a BPSK signal, i.e. each node transmits a pulse from 
the set { p ( t ) ,  - p ( t ) } ,  where Ip(t)12dt = 1. The depen- 
dence of functions on the transmitted waveform p ( t )  will 
heomitted in the remainder of the paper since only the en- 
ergy is of interest in our study. The generalization to other 
modulations is straightforward. We assume that the pulses 
received, as shown in (2), do not overlap with each other, 
i.e. the pulse duration Tp can effectively go to zero such 
that p ( t )  = 6(t) ,  where d ( t )  is the Dirac delta function. 
Following from (3), the energy phase of the received signal 
is then equal to the sum of the individual pulse energies, i.e. 
(4) 
N 
d i ( E , t )  A cE&4i , f i12u( t  - ~ i , k )  
k 1  
where u( t )  is the unit step function. 
Let the nodes be enumerated by the firing order of each 
node, i.e. t f l  < . . . < t f ~  where tft is the firing time 
of node i. We note that the firing order of the pulses does 
not necessarily coincide with the receiving order at each 
node due to the propagation delay of the signals through the 
medium. For example, consider two nodes, say node i and 
node j ,  where t f i  < t f j .  and a third node k which receives 
both the signals that origin from 'nodes i and j .  The dis- 
tance between the ith and kth node can be large enough such 
that ~ k , ,  > ~ k , ~ ,  despite the fact that the ith node fired first. 
The calculation of the minimum energy for OLA hroadcast- 
ing depends on the knowledge of the set of pulses that ar- 
rives in the receive phase. The problem, in fact, bas been 
proven to be NP-complete [2]. Among other difficulties, 
the fact that the set of received pulses can not be determined 
solely by the firing order of the pulses drastically compli- 
cates the analysis. Fortunately, in our application, the ar- 
rival of pulses that do not follow the order of firing occur 
when pulses origin from distant nodes, resulting in a less 
significant energy contribution. Therefore, we assumethat .~ 
the arrival order of pulses at each receiving node is the same 
as the absolute firing order. The advantage that we can de- 
rive from this approximation is that the connectivity of the 
nodes is now dependent only on the order offiring, instead 
of on the exact firing instants. 
Instead of tracking the energy phase at each time instant 
as shown in (3), let us take a snapshot of the energy accumu- 
lation at each node immediately after a firing bas occurred 
and denote by q5(') = (c++f), &, . . . ,d!$) the energy phase 
of each node after the ith node fires, where the nodes are 
enumerated according to their firing order, e.g. node 1 is 
the source node. The firing of a node, say node i ,  will cause 
an energy increment of ~ , l A , ~ l * :  for all j > i ,  which is 
typically Ei/d$ when consideringonly the path loss model. 
Therefore, the S N R  constraint at the receiver node i must 
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Fig. 1. The linear network with spacing D between neigh- 
boring nodes. 
he satisfied through the energy accumulation of pulses from. 
nodes 1 to i - 1. Hence, the optimization problem can be 
formulated as a standard lineur pmgramming problem: 
minimize CCI Et (5 )  
subject to BE 2 1 and E 2 0, (6)  
1 is a (N-1)-dim vector with where E = [ E ] ,  .. 
all 1 entries, and B is the lower triangular matrix: 
Although the minimum energy solution for a given fir- 
ing order can easily be found through linear programming, 
the optimum solution still involves the search for the hest 
feasible ordering of pulses that allows to achieve the min- 
imum energy. This combinatorial search is exponential in 
the number of nodes. In the following, we analyze the sim- 
ple case of a network where all the nodes are uniformly 
placed on a single line, which we refer to as the unicast 
case. In this case, we determine the minimum energy solu- 
tion in closed form. We also discuss the network topology 
of a regular grid, and show through two examples the im- 
portance of choosing the optimum firing order. 
3.1. The Unicast Application 
Let us consider, as a special case, the linear network shown 
in Fig. 1 where nodes are placed on a straight line with 
equal spacing D (unicast case). The unicast application is 
interesting in two main ways: I) the arrival order of pulses 
at each receiver node is exactly the same as the firing order; 
2) the firing order is trivially determined to be in the order 
of the distance between the source and the receiver nodes. 
Let node 1 be the source node as shown in Fig. I ,  then 
the constraint matrix B in (7) has the realization 
1 1 r F  
which is a lower triangular Toeplitz matrix. All the con- 
straints corresponding to B must be satisfied with equality 
for this special case. When the number of nodes in the net- 
work goes to infinity, the contribution of the signal energy 
from far away nodes fades out due to the path loss factor. 
The nodes that are infinitely downstream from the source 
will then require the same amount of total energy from the 
upstream nodes that are reasonably close-by, therefore, the 
transmitted signal energy of these downstream nodes will 
converge to the same value. 
Theorem 1 If the number of nodes in the linear network 
goes to infinity and the distance between neighboring nodes 
are $xed to be D with the path loss exponent U, then the 
minimum energy of each node is  appmximately DU/<(a) ,  
where C(a) = 
pro08 Lets solve for 1 = BE, where B is an infinite matrix 
with the structure in (8). We claim that the Toeplitz matrix 
B has an asymptotically equivalent circulant matrix [3] 
lli" is the Riemann zetufuncrion. 
1 & 1  1 & I(- . ' .  
To prove that B, is asymptotically equivalent to B, we 
must show that IimN,, jB - B,I = 0 where I I is the 
Hilbert-Schmidt norm [3]. Therefore, since 
1 
nr-1 N - 2  < -  N2D2a E < 
k = l  
it is proven that IimN,, lB - B,I = 0. 
The solution obtained by the equation 
1 = Bc€ (9) 
is asymptotically equivalent to the solution obtained from 
1 = BE. From the elements of the circulant matrix, the sum 
of each row of infinite elements is equal to <(U). Therefore, 
it is easy to show that 1 = Bel$. Hence, E' = $1 is 
a solution to (9) and it is unique since B, is invertible. 
Lets assume that E* is the optimum solution and E* # 
E'. Since E' is the unique solution to (9), we h o w  that 
k=l 
Therefore, 
N- 1 
o < ~ { B & , & :  -4) 
k = l  
N-I N-1 N-1 
< C ( E ; - E h ) = C E ; - - C E ; < O  
k=l k-I k = l  
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Fig. 2. Strategy 1: The nodes on the same diagonal (as 
shown in the dashed lines) are considered as a layer. 
Hence, E* = E‘ which contradicts the assumption. This 
proves that the asymptotic solution of the minimum energy 
vector can be approximated by a constant vector with entries 
.D”lC(a). 0 
We note, however, that the total energy expenditure of 
the network is unbounded [4, Theorem 2.31 when the dis- 
’. tance between neighboring nodes &e constant. Assume that 
D = 1, then, asymptotically, the sequence of the minimum 
energy required at each node.converges to l /<(a) .  There- 
fore, for the case where a = 2, we obtain E ,  c 0.6079; 
hut when LI = 3, we have instead E, c 0.8319. Compared 
to conventional point-to-point systems where the minimum 
energy required for this case equal to 1 for all nodes, we 
observe a significant energy gain in OLA, especially when 
a is small. This is expected because the signal coming from 
further away will contribute less to the accumulated energy 
when the path loss is more significant. 
3.2. Rectangular Network 
The unicast example is valuable in the sense that the opti- 
mum solution can be obtained through linear programming 
due to its obvious firing order. However, the optimum fir- 
ing order in most scenarios is hard to determine. We show 
through the rectangular grid example the solutions obtained 
from different ordering assumptions. 
Consider as network topology a regular grid, as shown 
in Fig. 2, where the neighboring nodes in the network are 
set to be D meters apart. Let’s assume that the transmission 
of OLA starts from the source node at position (0,O) and 
the signal propagates to consecutive layers as indicated in 
Fig. 2. We choose the firing order of nodes according to 
two predetermined layering smctures where the nodes in 
each layer fires only after receiving pulses from the,previous 
layer. The first layering strategy is shown in Fig. 2, where 
nodes on the same d iagonahe  considered as a layer. The 
second strategy is.to order’the firing of nodes based on the 
I 
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Fig. 3. The average power gain obtained through two dif- 
ferent layering strategies. 
distance from each node to the source. The second strategy 
is similar to that of the unicast case, however, it is hard to 
establish if the firing order,is optimum in this case. 
In Fig. 3, we show the’average power gain against the 
number of nodes in the network. The average power gain 
is defined as the ratio of the average minimum power nec- 
essary for OLA over that of the conventional point-to-point 
multi-hop network. Note that the minimum power to guar- 
antee connectivity for conventional networks is constant over 
all the nodes with the value SNRth. A significant gain is 
observed as the number of nodes increases. This gain in- 
creases rapidly at low number of layers, and tends to con- 
verge when the number of nodes increases. It can be ob- 
served that the power gains obtained with the two firing or- 
ders are different. This highlights the importance of search- 
ing for the optimum firing order. 
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